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A photon-magnon hybrid system can be realized by coupling the electron spin resonance of a magnetic material to a
microwave cavity mode. The quasiparticles associated with the system dynamics are the cavity magnon polaritons,
which arise from the mixing of strongly coupled magnons and photons. We illustrate how these particles can be used
to probe the magnetization of a sample with a remarkable sensitivity, devising suitable spin-magnetometers which
ultimately can be used to directly assess oscillating magnetic fields. Specifically, the capability of cavity magnon
polaritons of converting magnetic excitations to electromagnetic ones, allows for translating to magnetism the quantum-
limited sensitivity reached by state-of-the-art microwave detectors. Here we employ hybrid systems composed of
microwave cavities and ferrimagnetic spheres, to experimentally implement two types of novel spin-magnetometers.
Among the most studied types of hybrid systems, an im-
portant role is played by photon-magnon hybrid systems
(PMHSs)1,2. These yielded remarkable results in the study
of light-matter interaction3, and in the last decades emerged
as promising constituents for new quantum technologies as
well4–6. PMHSs have different forms, as they are built with
miscellaneous building blocks, but the underlying physics is
similar. In a magnetic field B0, a spin can change its quantum
state from−1/2 to a +1/2 by absorbing a spin-1 boson, like a
photon, and vice versa by emitting one. In this sense, a quanta
of spin excitation with energy h¯ωm = µBB0 can be effectively
described as a quasiparticle, known as magnon, which can
turn into a photon of the same energy h¯ωc7. This recipro-
cal conversion is quantified by the interaction strength gcm,
known as vacuum Rabi splitting, which is the rate at which
magnons are converted into photons and vice versa. When gcm
is much larger than the damping rates of the magnon γm and
of the photon γc, the system is in the strong coupling regime,
and the quasiparticles arising from this mixing are known as
cavity magnon polaritons (CMPs)8,9.
PMHSs are widely investigated for advancing quantum
information science. In this field their importance lies in
building quantum memories10–16, in converting microwaves
to optical photons17–21, or in quantum sensing, where the de-
tection of single magnons was recently demonstrated22–24.
CMP recently found new applications in the field of non-
Hermitian physics25–27, where they already yielded outstand-
ing results28. Exceptional points, spots of the system’s pa-
rameter space highly sensitive to external stimulations, can
be probed with PMHSs29,30, and new configurations may be
designed to access more exotic phenomena and study their
applications31,32. The potential of hybrid systems was also
shown in many other applications of quantum physics33–37.
A distinguished physical realisation of this model can
be obtained by hybridising the microwave photons of
a resonant cavity with the magnons of a ferrimagnetic
insulator38–42. Such scheme was implemented with multi-
ple purposes, for example to develop new quantum tech-
a)Electronic mail: nicolo.crescini@phd.unipd.it
nologies with qubits10,43, or for microwave-to-optical photon
conversion20,21, making it an established platform of hybrid
magnonics.
In the devices described in this letter, we employ cop-
per cavities as a photonic resonator and Yttrium Iron Garnet
(YIG) spheres as magnetic material (see Fig. 1a). YIG has the
exceptionally high electron spin density of 2× 1028 spin/m3
already at room temperature, and a linewidth as narrow as
1 MHz. This latter value is matched to the one of a typical
copper cavity and, thanks to the chosen spherical shape, is not
affected by geometric demagnetization. Being employed in a
number of microwave and rf devices, YIG is among the most
well-known ferrites, and hence is readily available. The mag-
netic sample is placed inside the cavity, where the rf magnetic
field is maximum for the selected cavity mode, and is mag-
netised with a static field B0 perpendicular to the cavity one.
In this way, the Kittel mode of magnetisation couples to the
microwave cavity photons, and the system exhibits the typi-
cal anticrossing dispersion relation, of which an example is
shown in Fig. 1b. The coupling strength depends on the work-
ing frequency, on the microwave mode volume, and on the
number of spins involved40, but it is normally large enough to
let the photon (magnon) oscillate into magnon (photon) many
times before being dissipated.
This feature of CMP to be a mixed state of microwaves and
spin excitations allows one to extract information on magnons
by monitoring photons. In the presence of a strong coupling,
the signal transduction is efficient, i. e. without signal loss, as
a spin excitation is more likely converted to a photon and de-
tected, than it is to be dissipated due to the PMHS losses (see
Fig. 1c for a schematic diagram). Amongst other techniques to
measure spin-waves4, the use of CMP is a particularly simple
approach which exploits the sensitivity of microwave technol-
ogy and transfers it to the detection of magnons. The strong
coupling makes the energy stored in a cavity dependent on
the one in the material, so an antenna coupled to the elec-
tromagnetic field of the cavity gives a simple access to the
features of the spin system44. Nowadays electronics is ex-
tremely developed, and the detection of electromagnetic radi-
ation has been brought to the standard quantum limit of linear
amplifiers. At microwave frequencies, Josephson Parametric
Amplifiers (JPA) were demonstrated to be the best devices to
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FIG. 1. Schematic representation of a typical PMHS (a), anticrossing
curve (b), and diagram of a spin-magnetometer working principle (c).
Part (a) represents a PMHS consisting in a YIG sphere housed in a
microwave cavity under a static magnetic field. Plot (b) is measured
with a .5 mm-diameter YIG sphere in a 14 GHz copper cavity, the
colour scale is in logarithmic arbitrary units, where blue to yellow is
low to high transmission, and the dashed lines show the uncoupled
cavity and Kittel modes.
measure tiniest amounts of power45. Thanks to CMPs, such
precision can be shifted to a magnetic measurement, as the
electromagnetic power in the cavity is highly dependent on
the magnetisation of the sample when the coupling strength
largely exceeds the system dissipations gcm  γm,γc. It fol-
lows that, under these conditions, the quantum-limited read-
out of a JPA can be exploited to detect spin excitations.
At microwave frequencies, measuring a sample’s magne-
tization becomes increasingly difficult because of technolog-
ical limitations and fundamental problems, like for example
radiation damping46–48. In free space, radiation damping con-
sists in the magnetic dipole emission of a magnetised sample
which, at GHz frequencies, drastically decreases the coher-
ence time, limiting the experimental sensitivity. This effect is
avoided in PMHSs, as the sample is housed in a resonant cav-
ity which removes the damping by inhibiting the phase space
of the emission49.
For all their characteristics, PMHSs emerge as an outstand-
ing platform for precision magnetic measurement, which are
of interest for a broad range of applications as well as for ap-
proaching fundamental physics issues. Hereafter, we describe
two types of spin-magnetometers which can be designed with
hybrid systems, detail their design and report on their opera-
tion. We notice that a high occupation number of the modes
permits to treat them as classical oscillators, which is often the
case throughout this work, so we rely on a classical treatment
of the fields. These devices are originally meant to measure
tiniest oscillation of a sample’s magnetization, related for ex-
ample to a Dark Matter Axion field49,50, but can be used to
assess many other physical phenomena.
Transverse spin-magnetometer (TSM). - Let’s now focus
on a hybrid system like the one of in Fig. 1, where a magne-
tised YIG sphere is placed in a microwave cavity. If an oscil-
lating electromagnetic, or pseudo-electromagnetic, field b1 is
oriented perpendicularly to the static field, its quanta can be
absorbed by the hybrid magnetic mode. As the magnetization
vector M precesses over the static field, an excitation lying on
the precession plane can resonantly interact with it, and the
system evolves according to Bloch equations
dM
dt
= γ(M×b1)⊥+MTs , (1)
where γ = (2pi)28GHz/T is the electron gyromagnetic ratio,
and Ts is the system relaxation time. The driven magnetization
resulting from Eq. (1) is
M(t) = γµBnsTs cos(ω1t), (2)
whereω1 is the frequency of b1. In a steady state, the power of
b1 is absorbed, re-emitted by the magnetization, and rapidly
converted into photons thanks to the strong coupling.
The optimal experimental condition is an antenna critically
coupled to the cavity, which in steady state can extract up to
half of the power deposited by the external field, resulting in
P1 = γµBNsω1b21Ts, (3)
where Ns is the number of spins of the hybrid system, and
the field frequency ω1 is on resonance with one of the hybrid
modes. To calculate the magnetic sensitivity of the TSM, in
Eq. (3) we substitute the deposited power P1 (in Watts) with
the power sensitivity of the readout electronics σP (in Watts
per unit of bandwidth), and recast the equation to isolate the
magnetic field. We obtain the sensitivity of the TSM
σb1 =
√
σP
γµBNsω1Ts
, (4)
in Tesla per unit of bandwidth, which is the field detectable
in 1 second integration time with a unitary signal-to-noise ra-
tio. Eq. (4) also shows that the spin-magnetometer sensitiv-
ity increases for larger spin-number and longer hybrid system
coherence times. This suggests the use of high quality-factor
cavities and samples to get a long Ts, and of a large volume
of high spin density magnetic material to increase Ns. In this
sense, we found a good compromise in YIG. The scalability
of the PMHS is of fundamental importance to obtain an in-
creased sensitivity of the setup, as it is directly related to the
increment of Ns. To this aim we design spin-magnetometers
based on multi-samples PMHS51,52, embedded in cylindrical
cavities. To further boost the magnetic sensitivity, we reduce
σP by operating the device at milli-Kelvin temperatures, to re-
duce thermal noises and to consent the use of quantum-limited
amplifiers.
Following these directions, we built a TSM whose scheme
is reported in Fig. 2a. Its PHMS comprises ten YIG spheres,
all of 2.1 mm-diameter, produced in-house. These are biased
with a magnetic field supplied by a superconducting mag-
net, with 7 ppm uniformity over the volume containing the
spheres. We realise the PMHS by placing the spheres along
the axis of a cylindrical cavity (33 mm-diameter, 65 mm-
length) allowing them to couple with the uniform rf magnetic
field of the TM110 mode at 10.7 GHz.
3The PMHS has been designed to reduce the effects of the
magnetic dipole interaction between different spheres and of
higher order magnetostatic modes. By removing the degener-
acy of the TM110 mode we limit the interference of other cav-
ity modes; this is achieved employing a cavity with a quasi-
circular section53,54. To describe this system we used a sec-
ond quantisation model consisting in four coupled harmonic
oscillators. We fit it to the experimental anticrossing curve of
Fig. 2b53. We then operate the magnetometer in the frequency
band 10.2-10.4 GHz, part of the lower frequency hybrid mode
range, as identified by the fit (dashed line in the figure)52. The
operational range is matched with the working band of our
Josephson Parametric Converter (JPC), i.e. a JPA formed by
a Josephson ring modulator shunted with four inductances55.
The JPC tuning is allowed by a small superconducting coil
biased with a constant current, as shown Fig. 2c. The dashed
lines in Fig. 2c includes the 10.2-10.4 GHz frequency interval,
showing that in this range the lower frequency hybrid mode
can be monitored with our amplifier. The JPC is screened
from external disturbances with different layers of supercon-
ducting and µ-metal shields, and we verified that the solenoid
providing the static field is not affecting the resonance fre-
quencies of the amplifier.
The noise temperature and gain of the electronics chain has
been characterised with the injection of microwave signals of
known amplitude in an antenna weakly coupled to the cavity.
The effective noise temperature results Tn ' 1K, which sets
the noise power per unit of bandwidth σP = kBTn, where kB is
Boltzmann constant. The contribution of the quantum limit to
the noise budget is 0.5 K, and the remaining 0.5 K is consis-
tent with extra noise added by the second-stage amplifier, by
the losses of the wires and by the PMHS thermodynamic tem-
perature of∼ 100mK52. The spin number and relaxation time
are obtained by fitting our model to the transmission measure-
ments of Fig. 2b. The measurement of σP, and of Ns and Ts
through the PMHS spectroscopy, allows us to calculate the
sensitivity of the TSM using Eq. (4). With the parameters of
this setup we obtain a magnetic sensitivity of
σb1 =0.9×10−18
[(1K
Tn
)( Ns
1021
)
( ω1/2pi
10.4GHz
)( Ts
168ns
)]1/2 T√
Hz
.
(5)
That the sensitivity given by Eq. (4) holds if the field to be
detected has two characteristics: a coherence time longer than
Ts, and a coherence length long enough to comprise all the Ns
spins.
In particular, this is the case of the field induced by Dark
Matter axions49,50, which at GHz frequencies satisfies both
these conditions. We used this TSM with a fixed band-
width of 5 kHz to search for axions, obtaining a limit on
their effective field of 5.5× 10−19 T with about ten hours of
integration52. A TSM has the advantage of being sensitive to
a (pseudo)magnetic field acting on a sample which is within
the volume of a resonant cavity. In such a controlled envi-
ronment, external electromagnetic disturbances are unlikely
to be present, making it an interesting testbed for fundamen-
tal physics, which are usually not subjected to such screening.
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FIG. 2. (a) Simplified scheme of the TSM operated for an axion
search52 (see text for details). (b) Anticrossing curve of the 10 YIG
spheres PMHS, where the dashed line indicates the low-frequency
hybrid mode monitored during the measurement. (c) Phase-current
diagram of the JPC mounted in this setup, here the dashed line shows
the optimal working points of the amplifier. From plots (b) and (c)
one notes that the 10.2-10.4 GHz band enables both the PMHS signal
transduction and the JPA amplification.
However, from the point of view of the TSM possible tech-
nological employment, this feature is a limitation. In fact, the
screening due to the cavity makes it difficult to expose the ma-
terial to a field which is uniform and coherent over the mag-
netic material volume. Hence, the application of this device is
probably limited to the search of new physics.
Longitudinal spin-magnetometer (LSM). - In another pos-
sible measurement scheme a persistent oscillating B-field is
parallel to the static one. In this configuration, the sample’s
magnetization precesses about a field B0 +b2 sin(ω2t), where
ω2 and b2 are the oscillating field frequency and amplitude,
and t is time. To illustrate the experimental arrangement, we
first consider a simplified scheme including only the mate-
4rial and ignoring the presence of the cavity. The experimen-
tal scheme is shown in Fig. 3a, where a sphere is surrounded
by two crossed loops. Loop number 1 is used to excite the
material, while loop number 2 senses the transmitted rf sig-
nal, and S21 plots are measured. The electron spin resonance
(ESR) frequency ωm of the magnetised sample is modulated
at the frequency ω2  ωm by varying the field b2  B0. If
a monochromatic tone is applied on resonance with ωm, the
effect of b2 is then to transfer some of the pump power, the
carrier, to sidebands at frequencies ωm ± nω2, as schemati-
cally shown in Fig. 3a for n = 1. In the S21 spectrum of this
simplified system, the amplitude of the first order sideband
results
ζ1 =
piA2pQb2
2B0
, (6)
where Ap is the carrier amplitude and Q = ωm/γm the qual-
ity factor of the ESR. In a standard ESR technique an exter-
nally applied b2 is used to detect the derivative of the ESR
curve with a lock-in amplifier. Here we invert such scheme,
and search for oscillating b2-fields by sensing the presence of
sidebands. The detection of sidebands is limited by the ef-
fective noise temperature of the system determining σP, the
power sensitivity already defined in the case of the TSM. The
amplitude ζ1 is given by Eq. (6) only within the linewidth of
the ESR, and drastically reduces for ω2 > γm. On the other
hand, when ω2 < γm, extra noise induced by the pump resid-
ual amplitude modulation will increase σP. Moreover, at GHz
frequencies, radiation damping broadens the linewidth of the
ESR, reducing Q. As a consequence, in this configuration the
sensitivity for measuring a b2 field is poor and needs some im-
provements that can be engineered using PMHSs as follows.
By including a cavity one may consider a PMHS’s hybrid
mode instead of a bare ESR. CMPs are immune from radiation
damping thus we can couple the ESR to a microwave cavity
to improve the detection sensitivity. We call ωp one of the
PMHS resonant frequencies: ωp is also modulated by the os-
cillating field as ∂ωp/∂B0 ' r× γ , where 0≤ r ≤ 1 is a field-
dependent coefficient. When ωm is equal to the cavity mode
resonant frequency, r = 1/2. The rf electromagnetic field of
the PMHS, pumped with a tone on-resonance with one of the
hybrid modes, i. e. atωp, is phase-modulated through the vari-
ation of the resonant frequency, and therefore produces side-
bands too. Their amplitude drastically decreases when they
depart from the resonance frequency by several linewidths,
but in a PMHS, at the frequency of the second hybrid mode,
one sideband does not vanish and hence can be detected (see
Fig. 3b). This device is thus sensitive to fields which are at
frequencies ω2 ' 2gcm, the splitting of the two hybrid modes.
The possibility of detecting the sideband at a frequency much
different from the pumping one allows us to drastically reduce
the noise by heavily filtering the pump noise. A waveguide is
a high pass filter which can cut low frequencies by tens of dB,
and that we employ to remove the background related to the
pump. If the sideband frequency ωp−ω2 is below the waveg-
uide cut-off, its amplitude is not filtered but the pump noise
is (see the electronic scheme in Fig. 3b). By assuming that
the carrier noise can be made lower than thermal fluctuations,
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FIG. 3. Schematic explanation of the LSM working principles. (a)
Usual design used for the detection of an ESR in a magnetic material
consisting in a spherical sample (grey) surrounded by two loops in
free space. The rf is fed into the system by loop antenna 1 and the
output is read with the perpendicular loop 2. A pump, shown as a
blue line in the spectra, is applied on-resonance with the ESR curve
(green areas in the S21 spectra). In absence of other fields the result is
a single peak (left plot), while with a superimposed oscillating field
the phase of the carrier is modulated by the shifting of the ESR in-
duced by b2 sin(ω2t). Two sidebands, reported in dark red in the right
plot, appear at ωm±ω2. (b) In the LSM a microwave tone is applied
at the frequency of an hybrid mode, while the detection of a side-
band, on-resonance with the second mode, probes the presence of
b2-like fields. The picture shows our room-temperature pilot setup,
comprising a YIG sphere and a perforated cavity which allows for
the calibration of the spin-magnetometer. Numbers 1 and 2 are two
antennas coupled to the cavity, and the side of the cavity coloured in
light orange represent a hole housing a loop used for calibration. See
text for further details.
the latter becomes the fundamental limitation to the appara-
tus sensitivity. The magnetic sensitivity can be calculated by
rephrasing Eq. (6), and substituting ζ1 (the sideband power)
5with the readout sensitivity σP to obtain
σb2 =
2B0
pirQ
√
σP
A2p
, (7)
where, in this case, Q is the quality factor of the hybrid mode.
From Eq. (7) one can see that the carrier power A2p can be ar-
bitrarily increased to improve the LSM magnetic sensitivity,
assuming that its noise can be reduced consequently. With
realistic parameters of our PMHS, one can estimate the sensi-
tivity of a room-temperature LSM with Eq. (7), resulting in
σb2 = 10.4
( B0
0.4T
)( Q
104
)√(A2n/kB
300K
)(100mW
A2p
) fT√
Hz
,
(8)
which is already competitive with state-of-the-art mag-
netometers like superconducting quantum interference
devices (SQUIDs)56–60 or spin-exchange relaxation-free
(SERFs)61–63. Interestingly, σb2 does not depend on any
extensive parameter, in contrast with σb1 which relies on the
total number of spins. This means that the LSM can in princi-
ple be miniaturised without compromising its sensitivity, and
removing the need of detecting a uniform field over a large
volume.
A room-temperature prototype was devised to test the ac-
tual functioning of this device, and a scheme of the setup is re-
ported in Fig. 3b. The number of spins in the sphere, together
with the shape of the rf-magnetic field of the cavity mode,
set the magnetometer working frequency ω2 ' (2pi)200MHz.
The cavity mode and the ESR resonate at 11.5 GHz (corre-
sponding to B0 = 0.4T), and their linewidths determine the
overall quality factor of the hybrid mode Q = 2750, which
is approximately the average of the two. An antenna with
variable coupling is connected to the cavity to inject and ex-
tract power from the hybrid system through a circulator. A
microwave pump on resonance with the high-frequency hy-
brid mode at ωp is filtered with a waveguide before being in-
jected in the PMHS, obtaining the input power A2p = 0.2mW.
The signal to be detected is the PMHS output power of the
sideband at ωp−ω2, the lower hybrid mode frequency. At
ωp−ω2, the background is mainly thermal thanks to the fil-
tering waveguide. The extracted signal is amplified with a
low noise HEMT before being acquired with a spectrum anal-
yser, and the whole electronic chain has been characterised
by injecting calibrated signals. The readout noise results
σP ' 4×10−21 W/Hz, mostly due to room temperature ther-
modynamic fluctuations, and two orders of magnitude lower
than the pump noise, showing that our configuration almost
removes the tone-induced background. To calibrate the mag-
netic sensitivity of the device, we inject pico-Tesla fields at
200 MHz using a single loop on one side of the cavity, which
generates a known field parallel to B0 on the YIG sphere (see
Fig. 3b). The setup was not optimized, but the expected losses
due to imperfect matchings can be measured and accounted
for by a factor k = 2.1, lowering the LSM sensitivity. With
these quantities, from Eq. (7), the expected sensitivity of the
apparatus results kσb2 = 1.9pT/
√
Hz. The prototype was cal-
ibrated with fields ranging from 2 to 14 pT and shows a mea-
sured sensitivity of 2.0± 0.4pT/√Hz, compatible with the
estimated value64. In this setup the loop on the side of the cav-
ity was used for calibration, but in principle, it can be an input
coil which transduces a field to the sensitive element of the
magnetometer (the magnetic sphere). This signal transduc-
tion is similar to what is usually done with SQUIDs, where an
input coil is coupled to the junctions loop. From Eq. (7), one
notices that the LSM magnetic sensitivity benefits from high
quality factors, low readout noise, and high pump power. The
former feature is related to the quality factors of the PMHS,
which should comprise narrow-linewidth cavities and mag-
netic materials to improve the magnetometer sensitivity. The
latter two essentially depend on the microwave electronics of
the setup. Since the sensitivity is size-independent, miniatur-
isation can be foreseen by using 2D printed resonators and
small quantities of material. Eventually, we mention that
multiplexing was also shown to be a viable option in similar
devices65–67.
The sensitivity of the two PMHS-based magnetometers is
limited by the noise of the readout noise temperature, which
ultimately consists in quantum fluctuations68. We foresee
the use of broadband Travelling Wave JPA69–71 to overcome
the standard JPA limitation of being resonant. To overcome
the quantum-limit one may rely on single photon or magnon
counters, which are unaffected by this issue, rather than on
linear amplifiers.
A downside of both the magnetometers is that their resonant
nature implies a reduced bandiwdth, limited to the linewidth
of an hybrid mode. Nevertheless, as the resonant frequencies
of the hybrid modes can be changed with a tuning of the B0
field, the band of both the TSM and LSM can be extended. In
particular, for TSMs this changes the hybrid mode frequency
(see Fig. 2b), and for LSMs is a variation of the vacuum-Rabi
splitting 2gcm. Since the working band of the two magne-
tometers is controlled by the dynamics of CMPs, the latter
was studied in a separate work72.
In conclusion, we described and operated two different
types of CMP-based magnetometers, which show an outstand-
ing magnetic sensitivity. The TSM is a device that bene-
fits from its scalability, which lowers the minimum detectable
magnetization oscillations. We believe that it is more suitable
for studying fundamental physics, for instance in the search
for Axions, where Dark Matter can be described as a wide,
uniform, and persistent rf field acting on the electron spins.
The LSM is a device of simpler application, as it can precisely
detect faint magnetic fields localised on a small spin ensem-
ble. Its sensitivity relies on the design and engineering of the
PMHS, which can be further developed to reach remarkable
sensitivity improvements. We mention that its usage to search
for Axions is immediate, and that a single LSM can scan a
broad Axion-mass range by changing the CMP vacuum-Rabi
splitting. We showed that the unique features of PMHS makes
them suitable to assess fundamental physics problems, and we
envision more future applications of these systems as testbeds
for precision magnetometry.
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